Activation of P2Y receptors by released nucleotides subserves important autocrine-paracrine functions in various non
Introduction
Extracellular nucleotides regulate various physiological functions, including smooth muscle contraction, platelet aggregation, mucociliary clearance, cell proliferation, and neurotransmission. These actions are mediated by ionotropic P2X and G-proteincoupled P2Y receptors (Ralevic and Burnstock, 1998) . At least seven different mammalian P2Y receptors have been identified: P2Y 1 (Tokuyama et al., 1995) , P2Y 12 (Hollopeter et al., 2001) , and P2Y 13 (Communi et al., 2001) are preferentially activated by ADP, whereas P2Y 6 is activated by UDP (Nicholas et al., 1996) . P2Y 11 prefers ATP as an agonist (Communi et al., 1997) , whereas P2Y 2 (Lustig et al., 1993) and P2Y 4 (Communi et al., 1995; Kennedy et al., 2000) are equally sensitive to ATP and UTP. In rats, P2Y 1 , P2Y 2 , P2Y 4 , P2Y 6, and P2Y 12 have been detected (Ralevic and Burnstock, 1998; Hollopeter et al., 2001 ). All P2Y receptors of the rat but P2Y 12 mediate increases in inositol phosphates (IPs) (Ralevic and Burnstock, 1998) , and P2Y 12 mediates an inhibition of adenylyl cyclase (Hollopeter et al., 2001) .
ATP is released from various cells including fibroblast-like, epithelial, endothelial, glial, and neuronal cells (von Kugelgen et al., 1994; Schlosser et al., 1996; Wang et al., 1996; Lazarowski et al., 2000; Ostrom et al., 2000) . ATP release from non-neural cells is Ca 2ϩ independent and can be elicited by different stimuli such as hypotonic solutions (Wang et al., 1996) , mechanical stimulation (Schlosser et al., 1996) , or exchange of culture media (Lazarowski et al., 2000; Ostrom et al., 2000) . In neurons, ATP is stored in vesicles and thus released by exocytosis (Zimmermann, 1994) . Vesicle exocytosis occurs spontaneously at a slow rate and is accelerated when transmembrane Ca 2ϩ entry is triggered by depolarization-induced opening of voltage-gated Ca 2ϩ channels (Matthews, 1996) . Therefore, neuronal ATP release is depolarization and Ca 2ϩ dependent (von Kugelgen et al., 1994) . In non-neural tissues, such as liver, kidney, bones, and blood vessels, released nucleotides subserve autocrine-paracrine functions by activating certain P2Y receptors (Gerasimovskaya et al., 2002; Junankar et al., 2002; Schwiebert et al., 2002; Torres et al., 2002; You et al., 2002) . In neurons, action potential-and Ca 2ϩ -dependent release of ATP contributes to synaptic transmission via P2X receptors (Robertson et al., 2001) ; however, much less is known about the activation of neuronal P2Y receptors by released nucleotides. One known example is the ATP-mediated autocrine inhibition of voltage-gated Ca 2ϩ channels in bovine chromaffin cells, but the P2Y receptor that was involved remained unknown (Currie and Fox, 1996) . To investigate how different P2Y receptors are activated by nucleotides released from neuronal sources, we used PC12 cells. These rat phaeochromo-cytoma cells are ontogenetically related to sympathetic neurons and release transmitters in an exocytotic manner (Greene and Tischler, 1976; Fisher and Burgoyne, 1999) . Aside from P2X 1 through P2X 6 , PC12 cells express RNA for P2Y 2 , P2Y 4 , P2Y 6 , and P2Y 12 receptors (Arslan et al., 2000) . Taking the synthesis of IPs and the reduction of cAMP accumulation as measures of receptor activation, we show that neuronal P2Y receptors are activated in an autocrine-paracrine manner as described previously for non-neural cells. However, diphosphate-and triphosphate-sensitive receptors are differentially activated by spontaneous and depolarizationevoked nucleotide release.
Materials and Methods
Materials. [2, H]adenine (specific activity 32 Ci/mmol) and myo-[ 3 H]inositol (74.7 Ci/mmol) were obtained from NEN (Vienna, Austria). Na-UTP, Na-UDP, Na 2 -ATP, Na-ADP, 4-(3-butoxy-4-methoxybenzyl) imidazoline-2-one (RO 20-1724), 3Ј,5Ј-cAMP, suramin, apyrase (grade VII, with an ϳ1:1 ratio in ATPase and ADPase activity), 2-methylthio-AMP, 2-methylthio-ATP, pyridoxal-phosphate-6-azophenyl-2Ј,4Ј-disulfonic acid tetrasodium (PPADS), and 2-p-(2-carboxyethyl)phenethylamino-5Ј-Nethylcarboxamido-adenosine (CGS 21680) were purchased from Sigma (Vienna, Austria). 2-Chloro-N 6 -methyldeoxyadenosine 3Ј,5Ј-biphosphate (MRS 2216) was a gift of Dr. K. A. Jacobson (National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD).
Cell culture and transfection methods. PC12 cells were obtained from the European Collection of Animal Cell Cultures (Salisbury, UK), plated onto collagen-coated (Biomedical Technologies, Stoughton, MA) sixwell culture dishes (NUNC, Roskilde, Denmark), and kept in OptiMEM (Invitrogen, Vienna, Austria) supplemented with 0.2 mM L-glutamine (HyClone, Aalst, Belgium), 25,000 IU/l Ϫ 1 penicillin and 25 mg/l Ϫ 1 streptomycin (Sigma, Vienna, Austria), 5% fetal calf serum, and 10% horse serum (both from Invitrogen). Once per week, cell cultures were split, and the medium was exchanged twice per week. For the generation of PC12 cell clones stably expressing either the rat P2Y 1 receptor linked to the green fluorescent protein (P2Y 1 -GFP) or the rat P2Y 2 receptor, 15 g of a rat P2Y 1 -enhanced GFP expression vector (kindly provided by Dr. G. Reiser, Magdeburg, Germany) (Vohringer et al., 2000) or 15 g of the expression vector pcDNA3 containing the coding sequence for the rat P2Y 2 receptor (kindly provided by Dr. T. Webb, Leicester, UK) was mixed with 50 l of the TransFast transfection reagent (Promega, Mannheim, Germany) and added to semiconfluent PC12 cell cultures in serum-free medium. After a 1 hr incubation at 37°C, 2 vol of serum-free medium and the appropriate amount of serum (as above) were added. Forty-eight hours after transfection, this medium was exchanged for a medium supplemented with 500 g/ml neomycin (G418) to allow for selection of drug resistance. This selection medium was replaced every 3-4 d until distinct islands of surviving cells were visible. Individual clones of antibiotic-resistant cells were transferred to 24-well plates and grown in medium containing 200 g/ml neomycin.
Northern blot analysis. Northern blots were performed as described previously for P2Y receptors expressed in primary cultures of sympathetic neurons . After extraction from PC12 cell cultures, 30 g of RNA per lane was separated by electrophoresis through formaldehyde containing 1.5% agarose gels and transferred to nylon membranes. Subsequent to UV cross-linkage, membranes were hybridized overnight at 65°C in a hybridization solution containing 50 mM PIPES, pH 6.5, 100 mM NaCl, 50 mM sodium phosphate buffer, pH 7.0, 1 mM EDTA, pH 8.0, and 5% SDS. After hybridization, the blots were washed twice in 5% SDS, 1ϫ SSC at 65°C for 15 min, and finally exposed to x-ray films. Thereafter, probes were removed from the membranes, and blots were subjected to further hybridization with additional P2Y receptor-specific probes.
Cloned fragments of P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 were used as probes for hybridization. The corresponding PCR fragments were amplified from cDNA obtained by reverse transcription of total RNA isolated from rat sympathetic neurons as described ). The PCR fragments were separated by electrophoresis through a 2% agarose gel, isolated, and cloned into pCR3.1 vector (Invitrogen). Plasmid DNA was isolated from positive clones and sequenced to verify the P2Y receptor identity. EcoRI fragments carrying the P2Y receptor sequences were labeled with [␣- 32 P]deoxycytidine triphosphate by random priming using the Prime-a-Gene labeling system (Promega).
Determination of inositol phosphates. The method for determining IPs was adapted from that used previously for primary neuronal cell cultures (Bofill-Cardona et al., 2000) as follows. Cells were grown to confluence and incubated in serum-free and inositol-free DMEM supplemented with myo-[ 3 H]inositol (2.5 Ci/ml) for 48 hr. Thereafter, the medium was exchanged for OptiMEM supplemented with 10 mM LiCl for 20 min to block inositol monophosphatase (Phiel and Klein, 2001) . Antagonists or apyrase (1 U/ml) were added together with LiCl when appropriate. Subsequently, the cells were incubated for an additional 30 min (unless indicated otherwise) in a buffer (120 mM NaCl, 3 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 20 mM glucose, 10 mM HEPES, 10 mM LiCl, adjusted to pH 7.4 with NaOH) containing one or more of the following: agonists, antagonists, apyrase, CdCl 2 (1 mM), and/or 100 mM KCl (NaCl was reduced accordingly). Finally, cells were lysed in boiling EDTA (10 mM) solution. After centrifugation of samples, an aliquot of the supernatant was removed to estimate the total water-soluble radioactivity. The remainder was applied to anion exchange chromatography columns (Dowex AG 1-X8; Bio-Rad, Vienna, Austria) and washed three times with 3 ml of H 2 O. Columns were then washed with 10 ml of 50 mM ammonium formate, and finally inositol monophosphate (IP 1 ) was eluted with 6 ml of 0.18 M ammonium formate and 0.1 M formic acid and quantitated by liquid scintillation counting (Bofill-Cardona et al., 2000) . In some experiments, the radioactivity remaining in the pellet was also determined.
The radioactivity in the fraction of IP 1 was expressed as percentage of the water-soluble radioactivity in the cells, which consists mainly of inositol (Bofill-Cardona et al., 2000) . In initial experiments, the radioactivity in the IP 1 fraction was also calculated as percentage of the radioactivity in the pellet; however, these values displayed large variations between experiments (see Fig. 1 A) and thus were not used routinely. Nucleotides or bradykinin (1 M) reproducibly caused time-dependent increases in IP 1 when compared with the values obtained in their absence (see Fig. 1 A) . Nevertheless, the extent of basal and agonist-induced IP 1 accumulation may vary between different preparations. Therefore, the IP 1 values obtained after a 30 min incubation in the presence of nucleotides, bradykinin, apyrase, CdCl 2 , and KCl, respectively, were normalized to the values obtained after a 30 min incubation in their absence within the same preparation (normalized to basal).
Determination of cAMP. The accumulation of cAMP in PC12 cell cultures was determined as described previously (Unterberger et al., 2002) . After labeling of cellular purines with tritiated adenine (2.5 Ci/ml for 12 hr), the medium was replaced by the buffer described above supplemented with 100 M of the phosphodiesterase inhibitor RO 20-1724 and 1 U/ml adenosine deaminase. Dishes were then kept at room temperature for 105 min. During the last 15 min of this incubation period, the adenosine A 2A receptor agonist CGS 21680, ADP (10 M), apyrase (1 U/ml), CdCl 2 (1 mM) and 100 mM KCl (NaCl was reduced accordingly) were also included in the medium. Where indicated, the P2Y 12 receptor antagonist 2MesAMP (Hollopeter et al., 2001 ) was present for the last 25 min. The incubation was terminated by exchanging the buffer for 1 ml of 2.5% perchloric acid containing 100 M nonlabeled cAMP followed by a 20 min incubation at 4°C. Subsequently, cAMP was separated from the other purines by a chromatographic procedure described previously (Unterberger et al., 2002) . Finally, radioactivity within the samples obtained was determined by liquid scintillation counting.
The radioactivity in the fraction of cAMP was expressed as percentage of the total radioactivity extracted from the cells. Stimulation of PC12 cells with the adenosine A 2A receptor agonist CGS 21680 caused a reproducible increase in these values of cAMP, but the extent of basal and stimulated cAMP synthesis may vary between different preparations (Unterberger et al., 2002) . Therefore, the values of cAMP obtained in the presence of CGS 21680 were normalized to the values obtained in its absence within the same preparation (normalized to basal).
Electrophysiology. Currents through M-type K ϩ (K M ) channels were determined as described previously for primary neuronal cell cultures . Experiments were performed at room temperature (20 -24°C) on isolated PC12 cells using the perforated-patch modification of the patch-clamp technique, which prevents rundown of M currents (I M ). Patch pipettes were pulled (Flaming-Brown puller, Sutter Instruments, Novato, CA) from borosilicate glass capillaries (Science Products, Frankfurt/Main, Germany) and front-filled with a solution consisting of (in mM): 75 K 2 SO 4 , 55 KCl, 8 MgCl 2 , and 10 HEPES, adjusted to pH 7.3 with KOH. Then, electrodes were back-filled with the same solution containing 200 g/ml amphotericin B (in 0.8% DMSO), which yielded tip resistencies of 1-3 M⍀. PC12 cells were submerged in and continuously superfused with (in mM): 140 NaCl, 6.0 KCl, 2.0 CaCl 2 , 2.0 MgCl 2 , 20 glucose, 10 HEPES, adjusted to pH 7.4 with NaOH. Tetrodotoxin (0.5 M) was included to suppress voltage-activated Na ϩ currents. Superfusion was performed by the use of a DAD-12 drug application device (Adams & List, Westbury, NY). I M relaxations were evoked once every 20 sec by 1 sec hyperpolarizing voltage steps from Ϫ30 to Ϫ55 mV; the difference between current amplitudes 20 msec after the onset of hyperpolarizations and 20 msec before re-depolarization was taken as a measure for I M . Amplitudes obtained during the application of ADP (b) were compared with those measured before (a) and after (c) application of the nucleotide by calculating 100 .
Statistics. All data represent arithmetic means Ϯ SEM; n represents number of culture dishes or of single cells in electrophysiological experiments. If error bars are not shown in Figures, they were smaller than the symbols. Concentration-response curves were fitted to experimentally obtained data by the ALLFIT program (De Lean et al., 1978) . Significances of differences between single data points were evaluated by the nonparametric Mann-Whitney test, and p values Ͻ0.05 were accepted as indicators of statistically significant differences.
Results

Activation of endogenous P2Y 2 receptors by added nucleotides
In nondifferentiated PC12 cells, ATP and UTP have been found either to stimulate an accumulation of IPs (Murrin and Boarder, 1992) or to leave IP 3 unchanged (Arslan et al., 2000) . To verify whether the present PC12 cell clone was capable of synthesizing IPs in response to nucleotides, PC12 cells were labeled with tritiated myo-inositol and preincubated in 10 mM LiCl for 20 min to block inositol phosphatases. Thereafter, the cells were incubated for various periods of time in 10 M UTP, in 1 M bradykinin for comparison, or in buffer lacking agonists. As shown in Figure 1 A, both UTP and bradykinin caused time-dependent increases in the radioactivity retrieved in the fraction of IP 1 , which hardly changed in the absence of agonists.
When UTP was applied for 30 min at different concentrations, its effect was concentration-dependent, with half-maximal stimulation between 1 and 10 M. At concentrations up to 100 M, ATP was equi-effective to UTP in stimulating IP 1 synthesis, but at higher concentrations, ATP was much more effective than UTP. In contrast, ADP, UDP, and 2MeSATP at up to 100 M did not cause significant changes in IP 1 accumulation (Fig. 1 B) .
To further elucidate which P2 receptors mediated these effects, two P2 receptor antagonists, suramin and PPADS, were used. Suramin, at 10 -100 M, reduced the IP 1 stimulating effect of 10 M UTP in a concentration-dependent manner, whereas PPADS (100 M) had no such effect. PPADS also failed to attenuate the effect of 10 M ATP ( Fig. 2A ) but reduced the effect of 1 mM ATP; in its presence, ATP was equipotent and equi-effective to UTP applied alone in stimulating IP 1 synthesis: half-maximal effects occurred at 3.2 Ϯ 1.2 M UTP and at 4.7 Ϯ 1.7 M ATP (plus 100 M PPADS), and the maximum with both nucleotides was a 2.5-fold stimulation over basal (Fig. 2B ). PPADS (100 M) entirely blocks P2X receptormediated events in PC12 cells (Vartian and Boehm, 2001 ). Therefore, these results suggest that ATP concentrations above 100 M enhance IP 1 accumulation via activation of both P2Y and P2X receptors. UTP, in contrast, does not activate P2X receptors (Ralevic and Burnstock, 1998) and thus stimulated IP 1 synthesis only via P2Y receptors. Among the P2Y receptors expressed in the rat, P2Y 2 and P2Y 4 receptors are activated by both ATP and UTP (Kennedy et al., 2000) . Previously, rat P2Y 4 receptors were found to be blocked by PPADS (Suarez-Huerta et al., 2001) but not by suramin (Bogdanov et al., 1998) , exactly the opposite of the present findings. Therefore, the present results are compatible with P2Y 2 receptors mediating the nucleotide-dependent IP synthesis.
To investigate in further detail which P2Y receptor subtypes During subsequent incubation periods (5-45 min), LiCl alone (basal; E), LiCl plus UTP (10 M; Ⅺ), or LiCl plus bradykinin (1 M; छ) were present. The amount of radioactivity retrieved within the fraction of inositol monophosphate (IP 1 ) after these incubation periods is shown as counts per minute (cpm; top panel), as percentage of the total radioactivity in the pellet (% pellet; middle panel), or as percentage of the total water-soluble radioactivity extracted from the cell cultures (% soluble; bottom panel). The results stem from two independent experiments, each performed in triplicate (i.e., n ϭ 6). B, After loading with myo-[ 3 H]inositol and preincubation in LiCl (10 mM), the cells were incubated for 30 min in LiCl alone or in LiCl plus the indicated concentrations of nucleotides. The amount of radioactivity retrieved within the fraction of inositol monophosphate (IP 1 ) was calculated as percentage of the total water-soluble radioactivity extracted from the cell cultures, and values obtained in the presence of nucleotides were normalized to the data obtained in their absence (normalized to basal). In the absence of nucleotides, 3822.9 Ϯ 222.0 cpm were retrieved in the IP 1 fraction (n ϭ 36).
might be involved in the nucleotidedependent synthesis of IP 1 as described above, we performed Northern blots to check for their expression level. Total RNA was isolated from either untreated or NGF-differentiated PC12 cells and compared with RNA from primary cultures of rat superior cervical ganglia . After separation by agarose gel electrophoresis and blotting, the extracted RNA was analyzed with probes specific for P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 . As shown in Figure 2C , considerable amounts of RNA coding for P2Y 2 , but none for P2Y 1 , P2Y 4 (data not shown), or P2Y 6 , were detected in nondifferentiated PC12 cells. RNA isolated from primary cultures of rat superior cervical ganglia gave positive signals for P2Y 1 , P2Y 2 , and P2Y 6 (Fig. 2C ), but not for P2Y 4 (data not shown). Previously, transcripts for P2Y 4 and P2Y 6 receptors, but none for P2Y 1 receptors, had been detected in PC12 cells by RT-PCR (Arslan et al., 2000; Unterberger et al., 2002) . Thus, nondifferentiated PC12 cells express high levels of P2Y 2 , but of no other phospholipase C-linked P2Y receptor.
After differentiation of PC12 cells with recombinant human ␤-nerve growth factor (50 ng/ml for 5 d), P2Y 2 receptorspecific RNA was slightly decreased, and the expression of P2Y 6 receptors was induced (Fig. 2C) . In parallel, the UTPdependent IP 1 accumulation was reduced in nerve growth factor-treated cells as compared with nontreated PC12 cells, and the P2Y 6 receptor agonist UDP still failed to significantly alter IP 1 (Fig. 2D) . This corroborates that the P2Y 2 but no other P2Y receptor subtype mediates the nucleotide-dependent IP 1 accumulation in PC12 cells.
Autocrine-paracrine activation of endogenous P2Y 2 receptors
In non-neural cells, such as Madin-Darby canine kidney cells, endogenous P2Y receptors were found to be activated by endogenous nucleotides released, for instance, in response to the exchange of culture media (Ostrom et al., 2000) . To reveal whether endogenous P2Y receptors of PC12 cells may become activated under the present experimental conditions even in the absence of added nucleotides, cultures were incubated in LiCl (10 mM) in the presence of apyrase (1 U/ml); however, the degradation of nucleotides by apyrase did not alter the values of basal IP 1 accumulation, although the enzyme did abolish the IP 1 -stimulating effect of 10 M ATP (Fig. 3) . To certify that this inhibitory action of apyrase was not caused by some unspecific effect on IP accumulation or phospholipase C activity, the enzyme was also used together with bradykinin; however, apyrase left the IP synthesis in the presence of this peptide unchanged (Fig. 3) . Depolarization of PC12 cells by 100 mM K ϩ enhanced the IP 1 accumulation twofold, i.e., to almost the same extent as the exogenous application of 10 M ATP. This effect of depolarizing K ϩ concentrations was abolished in the presence of apyrase, which indicates that it was caused by the release of endogenous nucleotides. In addition, the effect was also attenuated in the presence of 1 mM Cd 2ϩ (Fig. 3) , which prevents Ca 2ϩ entry via voltage-gated Ca 2ϩ channels and thereby suppresses depolarization-evoked transmitter release (Boehm, 1999) . Thus, the stimulation of IP 1 synthesis by endogenously released nucleotides required depolarization-evoked release. ) . B, Cultures were exposed to the indicated concentrations of either UTP alone or ATP plus 100 M PPADS. n ϭ 4 -9. In the absence of nucleotides or antagonists, 3023.8 Ϯ 311.5 cpm were retrieved in the IP 1 fraction (n ϭ 16). C, Northern blot analysis performed with total RNA (30 g per lane) isolated from either PC12 cell cultures or from rat superior cervical ganglion (SCG) cultures. PC12 cells had been treated with nerve growth factor (ϩNGF) (50 ng/ml for 5 d) before RNA extraction or remained untreated (ϪNGF). The blot was probed consecutively with [␣ 32 P]deoxycytidine triphosphate-labeled cDNA probes specific for P2Y 1 , P2Y 2 , P2Y 4 , and P2Y 6 , among which the P2Y 4 -specific probe gave no signal (data not shown). The bottom panel shows total RNA stained with methylene blue. D, PC12 cells had been treated with nerve growth factor (ϩNGF) (50 ng/ml for 5 d) or remained untreated (ϪNGF). The cultures were then exposed to the indicated concentrations of UDP (squares) or UTP (circles). n ϭ 3-9. *p Ͻ 0.05 and ***p Ͻ 0.01 versus the value obtained in cells not treated with nerve growth factor. In the absence of nucleotides, 2929.7 Ϯ 332.6 cpm were retrieved in the IP 1 fraction of NGF-treated cells (n ϭ 7), and 3784.3 Ϯ 264.8 cpm were retrieved in the IP 1 fraction of untreated cells (n ϭ 7; p ϭ 0.12 vs NGF-treated cells).
are activated by ADP rather than ATP (Hollopeter et al., 2001) . To investigate whether this latter receptor might show a different pattern of activation, we measured the formation of cAMP under various conditions. After labeling of PC12 cells with [ 3 H]adenine, 339.7 Ϯ 23.3 cpm (n ϭ 23) were retrieved within the fraction of cAMP, which corresponded to 0.060 Ϯ 0.007% of the total radioactivity extracted from the cultures. These and all subsequent values were obtained in the presence of the phosphodiesterase inhibitor RO 20-1724 (100 M). Therefore, any druginduced alteration will reflect changes in adenylyl cyclase activity rather than alterations in cAMP degradation (Unterberger et al., 2002) . Exposure of PC12 cells to 1 M of the A 2A adenosine receptor agonist CGS 21680 for 15 min increased cellular cAMP by ϳ20-fold (Fig. 4 A) . In the presence of 10 M ADP, this CGS 21680-induced accumulation of cAMP was markedly reduced. The P2Y 12 receptor antagonist 2-MeSAMP (10 -100 M) (Hollopeter et al., 2001) abolished this inhibitory effect of ADP (Fig.  4C ). This corroborates previous results indicating that P2Y 12 receptors mediate an inhibition of adenylyl cyclase in PC12 cells (Kubista et al., 2003) .
When 10 or 100 M 2-MeSAMP was applied together with CGS 21680, but in the absence of ADP, the stimulation of cAMP synthesis by the A 2A receptor agonist was enhanced significantly (Fig. 4 B) . Furthermore, application of apyrase (1 U/ml) together with CGS 21680 caused a similar increase in cAMP accumulation as the P2Y 12 receptor antagonist (Fig. 4 D) . Thus, there was a spontaneous activation of the P2Y receptor that is negatively linked to adenylyl cyclase. When PC12 cells were depolarized by 100 mM K ϩ , the CGS 21680-induced cAMP accumulation was reduced to approximately the same extent as by 10 M ADP. This inhibition attributable to K ϩ depolarization was attenuated by the addition of apyrase and thus was mediated by released nucleotides. Finally, the inhibitory effect of 100 mM K ϩ was prevented by 1 mM Cd 2ϩ (Fig. 4 D) , which indicates a role of Ca 2ϩ -dependent vesicle exocytosis. Cd 2ϩ (1 mM) per se did not alter ; n ϭ 41. B, Cells were incubated in the presence of the indicated concentrations (micromolar) of CGS 21680 or 2MeSAMP, or both; n ϭ 6 -9; ** p Ͻ 0.01 versus the value obtained in the presence of CGS 21680 only. C, Cells were incubated in the presence of the indicated concentrations (micromolar) of CGS 21680 and ADP or 2MeSAMP, or both; n ϭ 6 -9; *** p Ͻ 0.001 versus the value obtained in the presence of CGS 21680 only; n.s. indicates no significant difference. D, Cells were incubated in the presence of the indicated concentrations of CGS 21680, apyrase, and KCl (NaCl was reduced accordingly) or CdCl 2 , or both; n ϭ 6 -9; **p Ͻ 0.01 and ***p Ͻ 0.001, respectively, versus the value obtained in the presence of CGS 21680 only; n.s. indicates no significant difference.
the CGS 21680-induced cAMP accumulation. Taken together, these results suggest that P2Y 12 receptors endogenously expressed in PC12 cells are activated to some extent by spontaneously released nucleotides and can be activated further by nucleotides released by K ϩ depolarization.
Autocrine-paracrine activation of overexpressed P2Y 2 receptors
One of the reasons for the lack of spontaneous P2Y 2 receptor activation as opposed to the spontaneous activation of P2Y 12 receptors might be a low number of endogenously expressed P2Y 2 receptors. Therefore, PC12 cell clones stably overexpressing rat P2Y 2 receptors (PC12-P2Y 2 ) were generated, and three clones (clones 12, 14, and 17) were tested for their capability to synthesize IP 1 in the absence and presence of UTP. As shown in Figure  5A , in clones 12 and 17, the spontaneous accumulation of IP 1 was not different from that in wild-type PC12 cells, whereas in clone 14 it was enhanced by a factor of 3.5. In these three clones, the increases in IP 1 synthesis caused by 10 M UTP were 6.3 Ϯ 0.5 (clone 12), 6.9 Ϯ 0.8 (clone 14), and 8.9 Ϯ 0.6 (clone 17)-fold, respectively. In wild-type PC12 cells, in contrast, this UTPinduced increase was only 2.2 Ϯ 0.15-fold (Fig. 5A) . Thus, overexpression increased the efficacy of the agonists. In addition, in clone 14 of PC12-P2Y 2 cells, not only the efficacies but also the potencies of both ATP and UTP to stimulate IP 1 synthesis were enhanced as compared with wild-type PC12 cells; half-maximal effects were observed at 1.4 Ϯ 0.1 M (ATP) and 1.6 Ϯ 0.4 M (UTP), respectively, and the maximum was a ninefold stimulation over basal (Fig. 5B) .
The above results reveal that in PC12-P2Y 2 cells, the ability of P2Y 2 receptors to mediate nucleotide-dependent IP 1 synthesis was markedly enhanced. To evaluate whether overexpressed P2Y 2 receptors might become activated by spontaneously released nucleotides, we further used clone 14, which displayed the highest levels of spontaneous as well as UTP-dependent IP 1 synthesis (Fig. 5A) . Nevertheless, apyrase (1 U/ml) failed to significantly reduce the accumulation of IP 1 in the absence of exogenous nucleotides, although the enzyme did reduce the stimulating effect of ATP. Depolarization of PC12-P2Y 2 cells by 100 mM K ϩ enhanced the IP 1 accumulation to almost the same extent as 10 M ATP (Fig. 5C ), as described above for untransfected PC12 cells (Fig. 3) . Again, in PC12-P2Y 2 cells the IP 1 -increasing action of 100 mM K ϩ was abolished in the presence of apyrase and by the Ca 2ϩ channel blockade by Cd 2ϩ (Fig. 5C ), as it was in untransfected PC12 cells. Thus, overexpression of P2Y 2 receptors was not sufficient to allow for a stimulation of IP 1 synthesis by released nucleotides in the absence of depolarizing stimuli.
Autocrine-paracrine activation of heterologously expressed P2Y 1 receptors P2Y 2 receptors are equipotently activated by ATP and UTP, but they are insensitive to nucleoside diphosphates (Nicholas et al., 1996) . P2Y 12 receptors, in contrast, are potently activated by ADP (Hollopeter et al., 2001) . To learn whether another P2Y receptor that accepts diphosphates as agonists might also be activated by spontaneously released nucleotides, PC12 cell lines permanently expressing rat P2Y 1 receptors linked to eGFP (PC12-P2Y 1 ) were generated. Previously, this fusion protein was found to mediate a stimulation of IP synthesis about as efficiently as nontagged rat P2Y 1 receptors (Vohringer et al., 2000) . In the three PC12-P2Y 1 clones that were tested for IP 1 accumulation (clones 4, 5, and 8), its synthesis in the absence of added nucleotides was increased by 3 H]inositol and preincubation in LiCl (10 mM), the cells were incubated for 30 min in LiCl alone or LiCl plus the indicated concentrations of apyrase, ATP, UTP, KCl (NaCl was reduced accordingly), or CdCl 2 . The amount of radioactivity retrieved within the fraction of inositol monophosphate (IP 1 ) was calculated as percentage of the total water-soluble radioactivity extracted from the cell cultures ( A), and values obtained in the presence of the above agents were normalized to the data obtained in their absence (normalized to basal) (B, C). A, Either wild-type PC12 cells or three clones (clones 12, 14, or 17) of P2Y 2 receptor-overexpressing cells were exposed to LiCl (open bars) or to LiCl plus 10 M UTP (filled bars); n ϭ 6; **p Ͻ 0.01 for the difference between the value obtained in the presence LiCl in P2Y 2 receptor-overexpressing cells versus the value in wild-type cells; n.s. indicates no significant difference. B, PC12-P2Y 2 cells of clone 14 were exposed to the indicated concentrations of ATP or UTP; n ϭ 6 -9. C, PC12-P2Y 2 cells of clone 14 were exposed to the indicated concentrations of one or more of the following: ATP, apyrase, KCl, and CdCl 2 ; n ϭ 6 -9; ***p Ͻ 0.001 versus the value obtained in the presence of LiCl only; ϩϩ p Ͻ 0.01 versus the value obtained in the presence of LiCl plus ATP;
## p Ͻ 0.01 and ### p Ͻ 0.001 versus the value obtained in the presence of LiCl plus KCl. In the absence of nucleotides or other agents, 2210.0 Ϯ 92.1 cpm were retrieved in the IP 1 fraction of wild-type PC12 cells (n ϭ 6), 1595.7 Ϯ 62.4 cpm in clone 12 (n ϭ 6; p Ͻ 0.01 vs wild type), 5143.6 Ϯ 390.1 in clone 14 (n ϭ 24; p Ͻ 0.001 vs wild type), and 2744.5 Ϯ 226.9 cpm in clone 17 (n ϭ 6; p Ͼ 0.1 vs wild type).
factors of up to 45. Addition of 1 M of the P2Y 1 receptor antagonist MRS 2216 (Nandanan et al., 1999) significantly reduced these values of spontaneous IP 1 accumulation in these three PC12-P2Y 1 clones but had no effect in untransfected PC12 cells (Fig. 6 A) . This action of MRS 2216 was concentration dependent, with half-maximal effects at 0.37 Ϯ 0.13 M (Fig. 6 B) . This value is in reasonable agreement with the half-maximal concentrations of MRS 2216 (0.2 M) required to antagonize the stimulation of IP synthesis via P2Y 1 receptors in turkey erythrocytes (Nandanan et al., 1999) . Addition of apyrase (1 U/ml) also reduced the spontaneous accumulation of IP 1 in the three PC12-P2Y 1 clones tested by 75% to Ͼ90% (Fig. 6C) .
The data shown above indicate that the P2Y 1 receptors were highly activated under our routine experimental conditions. This conclusion is supported further by the fact that addition of 2MeSATP (10 M), which potently activates the P2Y 1 -eGFP fusion protein in human embryonic kidney (HEK) 293 cells (Vohringer et al., 2000) , either failed to significantly enhance IP 1 accumulation or caused an increase by only 13 Ϯ 3% (Fig. 6 D) . In untransfected PC12 cells, for comparison, this P2Y 1 agonist also failed to cause significant changes in IP 1 synthesis (Fig. 1 B) . Depolarization of PC12-P2Y 1 cells by 100 mM K ϩ did not enhance the accumulation of IP 1 , nor did the concomitant application of 1 mM Cd 2ϩ cause any further change. In the presence of 100 mM K ϩ plus 1 U/ml apyrase, the IP 1 values obtained with PC12-P2Y 1 cells were significantly lower than those obtained under control conditions and about the same as those obtained in the presence of apyrase only (Fig. 6 D) . Thus, P2Y 1 receptors heterologously expressed in PC12 cells are spontaneously activated to an extent that renders further activation by either exogenously added or endogenously released nucleotides virtually impossible.
Activation of heterologously expressed P2Y 1 receptors by added nucleotides
From the data presented above it was not possible to estimate at which nucleotide concentrations the P2Y 1 -GFP receptors were activated when expressed in PC12 cells. To be able to do so, we searched for a measure of receptor activation that could be determined in the absence of released nucleotides. Single PC12 cells can be investigated by electrophysiological recording techniques under continuous superfusion to remove released nucleotides (Vartian and Boehm, 2001 ). P2Y 1 receptors, when expressed in rat superior cervical ganglion neurons, mediate an inhibition of K M channels in the presence of nanomolar ADP concentrations (Brown et al., 2000) . We therefore hypothesized that this effect might also be seen in PC12 cells and determined I M under continuous superfusion. In wild-type PC12 cells, ADP failed to cause significant changes in IP 1 accumulation (Fig. 1 B) and left I M amplitudes unchanged (Fig. 7A) . In PC12-P2Y 1 cells, however, ADP reduced I M in a concentration-dependent manner. This effect was half-maximal at 1.9 Ϯ 0.9 M ADP (Fig. 7B) . Thus, in the absence of endogenously released nucleotides, the P2Y 1 -GFP receptor expressed in PC12 cells is activated by low micromolar ADP concentrations.
Discussion
P2X receptors mediate neurotransmission when ATP is released by presynaptic action potentials (Robertson et al., 2001 ). In contrast, the mechanisms of activation and the functions of neuronal P2Y receptors are essentially unknown (Boehm, 2003) . When P2Y receptors are heterologously expressed in neurons, their activation leads to an inhibition of K M and voltage-gated Ca 2ϩ channels (Simon et al., 2002; Filippov et al., 2003) . Evidence has been presented that depolarization of chromaffin cells leads to an autocrine-paracrine inhibition of Ca 2ϩ channels via opioid and P2Y receptors (Currie and Fox, 1996) . In non-neural cells, in contrast, the autocrine-paracrine activation of P2Y receptors does not require depolarizing stimuli, and a simple exchange of culture media was found sufficient (Lazarowski et al., 2000; Ostrom et al., 2000) . By using PC12 cells, the present results reveal that neuronal P2Y receptors are differentially activated by spontaneous and depolarization-evoked nucleotide release.
The accumulation of IPs and the inhibition of cAMP synthesis in the presence of added nucleotides revealed that PC12 cells express two types of functional P2Y receptors. The one coupled to IP synthesis is a P2Y 2 receptor as revealed by the following results: (1) it was equipotently activated by ATP and UTP and thus could be P2Y 2 or P2Y 4 (Kennedy et al., 2000) ; (2) P2Y 2 receptors are expressed at higher levels than P2Y 4 ; (3) the receptor was blocked by suramin but not by PPADS, and the reverse is true for P2Y 4 (Bogdanov et al., 1998; Suarez-Huerta et al., 2001) ; (4) differentiation of PC12 cells reduced the expression of P2Y 2 and diminished the IP synthesis in response to UTP. The reduction of cAMP, in contrast, is induced by ADP and ATP, but not UDP or UTP, and is antagonized by the P2Y 12 antagonists 2MeSAMP and AR-C69931MX (Unterberger et al., 2002; Kubista et al., 2003) , thus indicating a role of this latter receptor.
Degradation of nucleotides by apyrase did not alter IP accumulation in the absence of added nucleotides but enhanced the cAMP synthesis triggered by A 2A receptor activation. Thus, P2Y 12 but not P2Y 2 receptors were activated spontaneously. Depolarization of PC12 cells further decreased the cAMP synthesis and increased the IP accumulation. Both effects were abolished by apyrase and by the blockade of voltage-gated Ca 2ϩ channels by Cd 2ϩ . Hence, both types of P2Y receptors expressed in PC12 cells can be activated by depolarization-evoked nucleotide release.
One reason for the differential sensitivities for endogenously released nucleotides could be differences in agonist potencies of nucleotides at the receptors involved; however, overexpression of P2Y 2 receptors did not allow for spontaneous receptor activation, although the potencies and efficacies of added nucleotides to induce IP synthesis were increased. In contrast, the heterologous expression of P2Y 1 receptors led to huge increases in spontaneous IP accumulation, which was hardly enhanced by added nucleotides or depolarization of the cells, but mostly reduced by apyrase or a P2Y 1 receptor antagonist. Nevertheless, these P2Y 1 receptors could be activated by adding ADP when released nucleotides were removed by continuous superfusion. Furthermore, similar concentrations of added nucleotides were required to cause halfmaximal activation of overexpressed P2Y 2 receptors (1.4 M ATP) and heterologously expressed P2Y 1 receptors (1.9 M ADP). Thus, there were no significant differences in the potencies of agonistic nucleotides at these two receptors expressed in PC12 cells. One major difference between P2Y 1 and P2Y 2 receptors is their distinct nucleotide sensitivity: P2Y 1 but not P2Y 2 receptors are activated not only by ATP but also by ADP (Ralevic and Burnstock, 1998) . P2Y 12 receptors also accept ADP as an agonist (Hollopeter et al., 2001) . Hence, the propensity of recombinant P2Y 1 and native P2Y 12 receptors to be activated by spontaneous nucleotide release is related to their sensitivity for nucleoside diphosphates rather than to higher receptor densities or higher nucleotide potencies. This leads to the question of species and quantities of nucleotides released from PC12 cells. Large and small dense-core vesicles contain millimolar concentrations of adenine nucleotides. Among these, one can find ATP, ADP, and AMP at a 1:0.14:0.04 ratio (Zimmermann, 1994) . Therefore, the main nucleotide released from PC12 cells is ATP. We did not try to determine concentrations of ATP or ADP in the culture medium, because concentrations of nucleotides in solutions in which cells under investigation are incubated do not reflect the concentrations close to the plasma membrane, where receptors are activated (Beigi et al., 1999) . Nevertheless, our results with endogenous and overexpressed P2Y 2 receptors provide an indication of the periplasmalemmal ATP concentration yielded by K ϩ depolarization: 100 mM K ϩ stimulated IP synthesis somewhat less than 10 M but definitely more than 1 M ATP. Similarly, the K ϩ depolarization reduced cAMP accumulation to almost the same extent as 10 M ADP, which is equipotent and equi-effective to ATP in inhibiting adenylyl cyclase in PC12 cells (Unterberger et al., 2002) . Therefore, the concentration of endogenous ATP surrounding PC12 cells during K ϩ depolarization must be in the low micromolar range. This estimate is similar to the concentration of ATP surrounding platelets when stimulated by thrombin, which lies between 5 and 20 M (Beigi et al., 1999) . Because neither endogenous nor overexpressed P2Y 2 receptors were activated under basal conditions, the periplasmalemmal ATP concentration in the absence of depolarizing stimuli must be below the 100 nM of added ATP that was required to cause minimal stimulation of IP synthesis (Fig. 5B) .
In contrast to P2Y 2 receptors, endogenous P2Y 12 and recombinant P2Y 1 receptors were activated spontaneously. At rat P2Y 12 receptors, ADP is 10-fold more potent than ATP (Simon et al., 2002) , and at the rat P2Y 1 -GFP fusion protein, ADP is 100-fold more potent than ATP (Vohringer et al., 2000) . Thus, the spontaneous activation of P2Y 12 and P2Y 1 receptors was mediated by ADP rather than ATP. The spontaneous activation of P2Y 12 receptors limited the stimulation of cAMP synthesis by the A 2A receptor agonist CGS 21680. In the absence of added nucleotides, CGS 21680 enhanced cAMP accumulation 20-fold; in the pres- ence of apyrase or the P2Y 12 antagonist 2MeSAMP, however, this stimulation was increased to Ն50-fold, and added ADP reduced this stimulation down to 5-fold over basal. Thus, the value obtained in the absence of agonists and antagonists was close to the arithmetic mean of these two extremes, which indicates that the receptors were approximately half-activated. In rat endothelial cells, inhibition of adenylyl cyclase via P2Y 12 receptors is halfmaximal at 3 M ADP (Simon et al., 2002) . P2Y 1 -GFP receptors were completely activated under conditions of spontaneous nucleotide release. When released nucleotides were removed by superfusion, the P2Y 1 -GFP receptor was activated at 1-10 M ADP, as determined by the inhibition of I M . In HEK 293 cells expressing the P2Y 1 -GFP receptor, ϳ1 M ADP causes maximal IP accumulation (Vohringer et al., 2000) . Taken together, the above considerations suggest that the basal periplasmalemmal ADP concentration in PC12 cell cultures was in the range of 1-10 M.
These data indicate that in PC12 cell cultures, ADP concentrations are higher than those of ATP, although more ATP is released (Zimmermann, 1994) . The explanation for this discrepancy is the fact that PC12 cells express ectonucleotidases that degrade ATP four times more rapidly than ADP. As a consequence, extracellular ADP accumulates (Vollmayer et al., 2001) , and this is the basis for the spontaneous activation of nucleoside diphosphate-sensitive (P2Y 12 and P2Y 1 ) receptors and the lack of spontaneous activity of (P2Y 2 ) receptors that are sensitive only to nucleoside triphosphates. Nevertheless, these latter receptors become activated when the release of ATP is increased by K ϩ depolarization and exceeds its degradation to ADP. Thus, the endowment of PC12 cells with ectonucleotidases and P2Y receptors provides specific sensors for spontaneous and stimulationevoked vesicle exocytosis. Accordingly, in PC12 cells, levels of second messengers linked to P2Y receptors will correlate with the electrical activity of the cells.
The present as well as previous results show that in a given cell, the autocrine-paracrine regulation via released nucleotides depends on the presence of both P2Y receptors and nucleotidases. In hepatoma cells (Junankar et al., 2002) , for example, released ATP is degraded to ADP to stimulate P2Y 1 receptors. In epithelial (Torres et al., 2002) and osteoblastic (You et al., 2002) cells, in contrast, released ATP itself activates P2Y 11 and P2Y 2 receptors, respectively. In PC12 cells, both types of autocrine-paracrine regulation occur under resting conditions and during depolarization and involve P2Y 12 and P2Y 2 receptors, respectively. In sympathetic neurons that are ontogenetically related to PC12 cells, nucleotide release occurs at a low rate that is mostly enhanced by depolarization (von Kugelgen et al., 1994) . Together with nucleotides, sympathetic neurons release soluble nucleotidases that degrade ATP twice as rapidly as ADP (Mihaylova-Todorova et al., 2002) , and therefore ADP accumulates rather than ATP (Todorov et al., 1997) . Because sympathetic neurons, like PC12 cells, express several P2Y receptors linked to different signaling cascades (Fig. 2C) , the phenomena described above for PC12 cells can be expected to apply to the sympathetic and possibly to other pathways within the nervous system.
